Terahertz (THz) and sub-THz coherent acoustic phonons have been successfully used as probes of various quantum systems. Since their wavelength is in the nanometer range, they can probe nanostructures buried below a surface with nanometer resolution and enable control of electrical and optical properties on a picosecond time scale. However, coherent acoustic phonons have not yet been widely used to study van der Waals (vdW) two-dimensional (2D) materials and heterostructures. This class of 2D systems features strong covalent bonding of atoms in the layer planes and weak van der Waals attraction between the layers. The dynamical properties of the interface between the layers or between a layer and its supporting substrate are often omitted as they are difficult to probe. On the other hand, these play a crucial role in interpreting experiments and/or designing new device structures. Here, we use picosecond ultrasonic techniques to investigate phonon transport in vdW InSe nanolayers and InSe/hBN heterostructures. Coherent acoustic phonons are generated and detected in these 2D systems and allow us to probe elastic parameters of different layers and their interfaces. In particular, our study of the elastic properties of the interface between vdW layers reveals a strong coupling over a wide range of frequencies up to 0.1 THz, offering prospects for high-frequency electronics and technologies that require control over the charge and phonon transport across an interface. In contrast, we reveal a weak coupling between the InSe nanolayers and sapphire substrates, relevant in thermoelectrics and sensing applications, which can require quasi-suspended layers.
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I. INTRODUCTION
During the last decade, techniques for the generation and detection of coherent acoustic phonons with frequencies from tens of gigahertz (GHz) to several terahertz (THz) have enabled novel approaches to the investigation of a wide range of materials and nanostructures. Experiments with coherent phonons were made possible by the availability of lasers for the generation of ultrashort light pulses. This has led to a new field of research, picosecond (ps) ultrasonics, which has extended traditional acoustics and ultrasonics to higher frequencies and shorter wavelengths [1, 2] , thus stimulating and advancing topical research areas in condensed matter physics, including the following.
(i) Phonon transport. Of particular interest is phonon transport through the interface between two nanostructures or between one system and its environment [3] [4] [5] [6] [7] [8] [9] . Acoustic mismatch theory, which describes phonon transport through an elastically perfect interface with strong bonds, does not always apply. Thus different approaches are often required to understand and control phonon transport in real systems.
(ii) Phonon interactions. Interactions of coherent phonons with thermal phonons [10] , electrons [11] [12] [13] [14] [15] , plasmons [16] [17] [18] , and magnons [19] [20] [21] [22] [23] [24] [25] are intensively studied in metallic (for a review see Ref. [26] ) and semiconductor [27, 28] nanoparticles, multilayered heterostructures [13] [14] [15] 29, 30] , and patterned surfaces [16] [17] [18] 21, 31] . These interactions underpin a wide range of phenomena, such as piezoelectricity, light scattering, phonon-assisted tunneling, etc., and the design and successful development of devices for electronics [32] and optoelectronics [33] .
(iii) Phonon nanoscopy. Coherent phonons with THz frequency can probe interfaces and nanoobjects buried below a surface with atomic depth resolution (e.g., 1 nm). Since its first use to probe and control the quality of microchip contacts [34] , nanoscopy has been used to image interfaces [35, 36] , chemical reactions [37] , and biological cells [38] . Also, acoustic, optic and acousto-optic parameters of inhomogeneous materials can be probed with a nanometer spatial depth resolution [39] .
Of critical importance in the studies highlighted in (i)-(iii) is the generation and detection of quantized coherent phonons in various nanoobjects (e.g., in single nanoparticles [9, 26, 27, 40, 41] and quantum wires [42] ). In this case, the phonon spectrum consists of well-defined resonances each with a linewidth f that is smaller than the resonance frequency f , and finesse defined by the quality factor Q = f/ f . A number of recent works have focused on twodimensional (2D) nanometer-thick layers where phonons are quantized in the direction perpendicular to the 2D plane. Examples include submicrometer free-standing membranes based on Si [43] , GaAs [44] and GaN [45] , and phonon nanocavities [46] . Among 2D systems, van der Waals (vdW) crystals have emerged as a new class of materials for several potential applications. In a vdW crystal, the atoms in each layer are bound by strong covalent bonds, whereas the planes are held together by weak vdW interactions. Thus several physical properties of these materials, including elastic properties (e.g., sound velocity) are strongly anisotropic. The extended family of vdW crystals includes graphene, transition metal dichalchogenides (e.g., MoS 2 , WS 2 , etc), metal chalcogenides (e.g., InSe, GaSe, etc.), hexagonal boron nitride (hBN), and many others [47, 48] . For this new class of materials, picosecond acoustics could help to address several important open questions. The interface between two vdW layers or between a vdW layer and its supporting substrate may or may not be elastically perfect, thus influencing thermal and charge transport. For example, the control of phonon transport across a vdW interface could provide a strategy to probe and tune thermal conductivity for specific applications in electronics and thermoelectrics [47] [48] [49] [50] [51] . The interaction of coherent phonons with charge carriers could enable new routes for the generation of microwave frequencies as it is done in nanoelectromechanical (NEMS) systems in the MHz-GHz frequency range [52] , in piezoelectric heterostructures for the sub-THz range [53] , and traditional semiconductor devices such as Schottky diodes [11, 54] and tunneling devices [12] . Also, due to strong elastic anisotropy and phonon quantization, 2D vdW layers could provide an ideal system for phonon nanoscopy and nondestructive sensitive imaging of molecules and cells coupled to the nanolayers by vdW forces. Although these research areas are still in their infancy, recent experimental works have demonstrated the possibility of generating coherent phonons in vdW nanolayers, including graphene [6] , WSe 2 [55] , WTe 2 [56] , MoS 2 [57] , and InSe [58] .
Here, we use coherent phonons with frequencies from 10 to 100 GHz, generated and detected using ultrafast optical (pump-probe) methods, for the nondestructive investigation of nanomechanical oscillations in InSe nanolayers and InSe/hBN heterostructures. These studies enable us to probe the vdW bonding between the layers and their adhesion to the substrate. The GHz and sub-THz nanomechanical oscillations have frequency, amplitude, and spectral width that depend on the stiffness of the interfacial bonds at the interface. In particular, we find that the interface between InSe and hBN can be described by acoustic mismatch over a wide frequency range f 100 GHz. The paper is organized as follows. Section II describes our samples and the experimental techniques used for the generation and detection of coherent phonons. Section III introduces the theoretical background used to describe the resonant phonon modes in vdW nanolayers and heterostructures. Section IV presents the measured and calculated phonon spectra for a variety of samples based on InSe nanolayers and InSe/hBN heterostructures. The main findings are discussed in Sec. V taking into account the properties of interfaces and phonon scattering processes. Conclusions and outlook for future studies and applications are presented in Sec. VI.
II. EXPERIMENTAL TECHNIQUES

A. VdW InSe nanolayers and heterostructures
Our experiments focus on InSe vdW crystals and InSe/hBN heterostructures. The InSe represents a relatively new addition to the family of 2D vdW crystals and is receiving an increasing interest due to its unique and versatile electronic properties. This compound has a band gap that increases markedly with decreasing layer thickness down to a single layer offering full coverage of the photonic spectrum from the violet to the infrared range [59] [60] [61] ; it has relatively light (m c ∼ 0.14m e ) conduction band electrons with high electron mobility (μ) even in the limit of atomically thin films (μ = 0.2 m 2 /Vs at 300 K) [60] ; furthermore, the encapsulation of InSe by hBN has enabled the fabrication of high-quality field effect transistors (FETs) where the hBN capping layer isolates the InSe from the environment and also serves as dielectric layer for electrostatic gating [60] . Phonon transport and thermal conduction in 2D InSe and its heterostructures are still largely unexplored. To date, theoretical studies have focussed on phonon properties and in-plane transport of the longitudinal, transverse, and flexural acoustic modes in single layers [62, 63] . Experimental work has largely been limited to Raman studies [59, 61] and elastic properties (e.g., sound velocity and elastic constants) are only known for bulk InSe [64] .
Our 2D InSe layers were prepared by exfoliation of Bridgman-grown crystals of rhombohedral γ -InSe [59] . They have areas of about 10 − 100 μm 2 and thicknesses from ∼5 to ∼100 nm. After the exfoliation, the individual InSe flakes were laid onto another layered crystal (e.g., InSe or hBN) so that the adhesive vdW force between the layers forms a homojunction (e.g., InSe on InSe) or a heterojunction (e.g., InSe on hBN or hBN on InSe). These samples were transferred on a c-cut sapphire (Al 2 O 3 ) substrate with an atomically flat surface (surface roughness of ∼0.1 nm). The thickness and the surface roughness of the layers were assessed by atomic force microscopy (AFM) in noncontact mode under ambient conditions. Representative AFM data and their discussion are presented in Sec. V. Figure 1 (a) shows the optical images for an InSe/hBN heterostructure and the individual InSe and hBN layers prior to stamping of hBN on InSe with thickness a = (81 ± 1) nm and b = (59 ± 1) nm, respectively. Room temperature (T = 300 K) μ-photoluminescence (μPL) and μ-Raman maps, and representative spectra are shown in Figs. 1(b)-1(e). By comparing the spectra acquired in areas with and without the hBN layer, we find that the encapsulation of InSe by hBN does not modify the energy of the Raman modes and/or of the PL emission of pristine InSe. However, it induces a significant increase of both Raman and PL signals. This behavior, which is not observed when the hBN layer lies below the InSe layer, is indicative of an increased absorption of light by the InSe layer due a smaller reflection of the laser light at the interface between air and hBN (refractive index n hBN = 1.8 [65] ), compared to air (n air = 1) and InSe (n InSe = 2.7 [66] ). 
B. Generation and detection of coherent acoustic phonons
We use femtosecond lasers and the most common pumpprobe picosecond acoustics method to generate and detect coherent phonons. This method, first proposed by Thomson et al. [67] in the 1980s, is well developed and is described in several reviews [1, 2] . In this method, an optical pulse from a pump femtosecond laser excites the layers directly or through an optoelastic transducer (e.g., a thin metal film), which absorbs light. As a result, a stress is generated in the sample due to a rapid, almost instantaneous electron and lattice temperature rise [67] [68] [69] . The stress causes dynamical strain and, correspondingly, generates a coherent wave packet of longitudinal acoustic phonons. The spectrum of these sub-THz phonons depends on the absorption length and the thickness of the layer. The spatial and temporal evolutions of the coherent phonons are governed by the elastic properties of the materials and their interfaces and can be probed by a second optical pulse from the same pump laser or from another probe laser synchronized with the pump one. Scanning the time delay between pump and probe pulses makes it possible to monitor the temporal evolution of the wave packet of coherent acoustic phonons generated in the sample. For our studies, we use two 120-fs pulsed Ti:sapphire lasers with wavelength λ ≈ 800 nm and repetition rate of 80 MHz. The experiments were carried out using an asynchronous optical sampling (ASOPS) technique [70] and also the traditional method in which the laser output is split into pump and probe beams. The pump beam passes through an acoustooptic modulator and frequency doubler. The pump pulse with wavelength λ ≈ 400 nm is focused onto the sample to an area of ∼ 20 × 20 μm 2 for normal incidence and ∼ 20 × 30 μm 2 for 45
• incidence. The probe beam with λ ≈ 800 nm is focused on the sample surface to a diameter of several microns, overlapping spatially with the pump spot. The power for pump and probe were kept below 20 and 0.5 mW, respectively, to avoid nonlinear effects and photooxidation of the InSe layers [71] . We used four experimental schemes shown in Figs Figure 2 (e) demonstrates the procedure for obtaining the spectrum of coherent phonons from the temporal evolution of an arbitrary pump-probe signal. The top panel shows schematically a typical pump-probe temporal trace, which includes an instantaneous rise and a slow decay modulated by periodic oscillations. In a picosecond acoustics experiment, these oscillations arise from coherent acoustic phonons and can be revealed more clearly by subtracting to the signal a slow decay background, as fitted by a polynomial or exponential function [see the middle panel in Fig 
III. THEORETICAL BACKGROUND
We describe coherent phonons as classical wave packets of acoustic waves with displacement vector u, wavevector k and given strain, ε, and stress, σ , tensors. For propagation of longitudinal acoustic phonons (u||k) along the x direction, perpendicular to the plane of the vdW layers, the solution of the elastic equations for the Fourier component ω in the ith layer isũ
where k i = ω/s i is the phonon wavevector and s i is the sound velocity in the ith layer (for details see Appendix). The solution for the elastic wave in a semi-infinitive substrate is
The frequency dependent coefficients A i , B i , and A S define the coherent phonon spectrum and can be found by applying boundary conditions to the displacement and stress at each interface. The simplest, most common case for the boundary conditions is the acoustic mismatch (AM) model, i.e., the displacement and stress are continuous at each interface [73] . This approximation works for relatively thick layers and perfect, atomically flat interfaces. An example of AM is shown schematically in Fig. 3 (a) for an InSe/hBN heterostructure on a substrate. Here, the elastic coupling between the boundary atoms in the two materials is assumed to be absolutely rigid. For the wave propagating in a medium (i) and reaching the interface with another medium (j ), the amplitude reflection coefficient R ij for the strain is
where Z i and Z j are the acoustic impedances (Z = ρs, where ρ is the density and s is the sound velocity) of the materials. For phonons propagating from a high to a low impedance material (Z i > Z j ), R ij < 0 and the phase for the strain wave of the reflected beam is changed by π . In the opposite case (Z i < Z j ), R ij > 0 and the phase does not change on reflection. The case
When Z i = Z j , the interference of waves reflected at an interface results in phonon quantization and nanomechanical resonances. For a single layer of thickness a on a substrate with acoustic impedance Z S , the phonon frequencies are given by
and
where n is an integer number. In general, the AM model may not describe well the phonon transport in thin layers. Also, it may not be valid when the phonon dispersion plays a role, e.g., at high phonon frequencies or when the interface between the layers is not elastically perfect. Here we consider layers with thicknesses a > 5 nm, larger than the vdW interlayer separation, i.e., ∼0.8 nm and 0.7 nm in InSe and hBN, respectively (see Table I ). Also, the maximum phonon frequency studied in this work is 120 GHz, which is much smaller than the frequency at which phonon dispersion effects become important (∼1 THz). Thus the main limitation to the validity of the AM model to our structures is the imperfectness of the interfaces. To account for the elastic properties of an imperfect interface, we use the spring model [5, 74] : the adjacent layers of two materials, i and j , are coupled by effective "springs" with stiffness η ij . Figure 3 (b) shows the scenario in which an InSe/hBN heterostructure on sapphire has AM between the layers, but is weakly coupled to the substrate by an effective spring of stiffnesses η S . Figure 3 (c) shows the scenario in which both interfaces are imperfect, i.e. there is also a spring of stiffness η H at the InSe/hBN interface. The boundary conditions in the spring model include the continuity of the stress at the interfaces with springs, from which the coefficients A i , B i , and A S can be derived (see Appendix) . Similarly to the AM model, the spring model reveals nanomechanical resonances in the heterostructure. However, the resonance frequencies f n differ from those predicted by the AM model; also, due to the weaker coupling at the interfaces, these resonances can be narrower.
For acoustic phonons propagating from material i to material j and back from j to i, it is convenient to use parameters G ij and G ji , respectively, related to η ij = η ji :
Since in our work we use no more than two vdW nanolayers, we consider two parameters G H and G S , which characterize the coupling between the vdW nanolayers and between the inner nanolayer with the substrate, respectively,
where Z 1 , Z 2 , and Z S are the acoustic impedances of the outer, inner nanolayers, and substrate, respectively. The parameters G H and G S have the dimension of frequency. For a single layer weakly coupled to the substrate, e.g., G S f n , the resonance frequencies are given by Eq. (5).
IV. MEASURED AND MODELLED PHONON SPECTRA
This section presents the main experimental findings. The first section, Sec. IV A, focuses on nanomechanical resonances in InSe nanolayers and explores their dependence on the InSe layer thickness and elastic coupling with the substrate. Section IV B concentrates on vdW heterostructures and demonstrates that the AM model is well suited to describe a vdW interface, indicating an elastically ideal interface and strong interlayer coupling for both homo (e.g., InSe/InSe) and hetero (e.g., InSe/hBN) interfaces over a wide range of sub-THz frequencies.
One of the main aims of the present work is to obtain the values of G S or G H , which are governed by the coupling parameters η S and η H for single nanolayers and heterostructures, respectively. To obtain these parameters, first, we obtain the frequencies f n of the phonon resonances from the measured phonon spectra and compare them with the theoretical values of f n obtained from the calculated spectra for various G S (G H ). To make this comparison, we calculate the modeled strain spectrum as
with the bulk elastic parameters from Table I and the layer thicknesses, as measured by AFM. We find that the coupling parameters G S (G H ) do not depend directly on the thickness of the nanolayers and are governed by the roughness of the surface at the interface with coupling parameter η S (η H ).
A. InSe nanolayers
Experiments on relatively thick (a ∼ 100 nm) InSe layers were carried out using the scheme shown in Fig. 2(a) . Figure 4 shows the measured coherent phonon spectra for three separate InSe layers with approximately the same thickness a ∼ 100 nm on a sapphire substrate. The background free temporal evolutions are also shown in the insets of Fig. 4 . It can be seen that all spectra consist of a distinct spectral line between 10 and 20 GHz. Despite the layers having similar thickness, the lines are centered at different frequencies and the spectral width is twice larger for the lowest curve. Blue and red vertical bars indicate the phonon frequencies calculated from Eqs. calculated spectra are shown in the same graph. The resonance at the top of Fig. 4 indicates a regime of weak coupling of InSe to the substrate; the one at the bottom has a broad spectral line centered at a frequency equal to that expected from AM; the middle spectrum shows instead two lines that cannot be described by a single coupling parameter G S : the spectral lines centered at 13.4 and 18.0 GHz are reproduced by the spring model with G S = 1 and 20 GHz, respectively. Thus, from this study, we conclude that InSe layers on sapphire can exhibit different mechanical properties and elastic coupling to the substrate.
Experiments with thinner InSe layers were performed using the scheme shown in Fig. 2(d) using an Al transducer. The deposition of the Al film by electron beam evaporation on InSe produced uniform high-quality thin (33 nm) film. Thus we expect strong elastic coupling with G ij R AM ij f for the Al/InSe interface. Figure 5 shows the measured and calculated phonon spectra for InSe layers with thickness a = 41 nm on sapphire. Four lines can be seen in the measured spectrum of the 41-nm-thick InSe layer (Fig. 5) . The assumption of AM with the substrate (G S f ) reproduces the three highfrequency spectral lines. The low frequency line centered at f = 26 GHz agrees with the calculated spectrum by assuming a lower G S -value (G S = 8 GHz). Figure 6 shows the measured spectra for three InSe layers with thicknesses from a = 5.4 nm to a = 12 nm. We can com- Fig. 6 ) have a very low quality factor Q < 1. For these resonance modes, we may conclude only that G S > 10 GHz and that the phonon resonance frequency has weak dependence on G S . The red vertical arrows in Fig. 6 and the values above them show the measured resonance frequencies and the corresponding G S values obtained from the comparison with the calculated spectra. For a = 12 nm, two spectral lines are observed corresponding to G S = 10 and 90 GHz. For thinner layers, one spectral line is detected with values of G S from 13 GHz (a = 6.5 nm) to 210 GHz (a = 8 nm).
From the data and analysis (Figs. 4 -6 ) of InSe layers with a wide range of thicknesses, from 5 to 100 nm, we conclude that the coupling parameter G S of an InSe layer to sapphire can have values from ∼1 GHz to more than 100 GHz, without any direct correlation with the InSe layer thickness. Our results also show that the measured phonon spectrum cannot always be described by a single parameter G S . We have observed several cases when a good fit in the whole frequency range requires two or more values of G S . Fig. 7(a) ] shows three distinct areas: the area H of the heterostructure where the layers overlap and two regions where the top (T) and base (B) InSe layers do not overlap, thus they can be probed separately. In the experiments, we used the geometry presented in Fig. 2(c) . The lower blue solid curve in Fig. 7(b) shows the phonon spectrum for the nonoverlapping area T. It reveals a peak at f = 21 GHz in agreement with that simulated by the spring model with G S = 10 GHz [see lower blue dotted curve in Fig. 7(b) ]. The red solid curve in Fig. 7(b) for the overlapping area H reveals a different spectrum: it consists of several lines at a regular frequency interval of 8.8 GHz. The individual frequencies agree well with those calculated for a single InSe layer with a total thickness equal to the sum of the individual layer thicknesses (e.g., a + b = 127 nm) under the assumption of G H 50 GHz and G S = 26 GHz. Thus we conclude that the interface between the InSe layers can be considered as elastically "ideal" for transport of coherent phonons with f up to at least 50 GHz. Figure 7(c) shows the results for an InSe/hBN heterostructure on a sapphire substrate measured using the transmission geometry shown in Fig. 2(a) . In this heterostructure, an individual InSe nanolayer (a = 50 nm) is stamped onto an hBN layer (b = 81 nm) to form a heterojunction. Two resonances at f = 18 and 30 GHz are clearly seen in the measured spectrum indicating efficient elastic coupling between the layers. If there was no good elastic contact between the layers, the spectrum would reveal only the nanomechanical resonances excited in the top InSe layer. In fact, the underlying hBN layer cannot be excited directly as it is transparent at the wavelength of the pump probe. As for the case of the InSe/InSe homojunction, also in this case the calculated spectrum indicates acoustic mismatch at the InSe/hBN vdW heterointerface [see dotted lines in Fig. 7(c) ]. The best agreement between our model with the experiment is obtained for G H 30 GHz and G S = 10 GHz [ Fig. 7(c), red dotted line] .
B. Van der Waals heterostructures
Similar results were obtained for other vdW heterostructures and experimental geometries. For example, Fig. 8 shows the results for an InSe/hBN heterostructure on sapphire with thicknesses of the hBN and InSe layers of a = 14 nm and b = 10 nm, respectively. Coherent phonons were injected into the heterostructure from an Al-film (thickness of 35 nm) evaporated on top of the hBN layer [experimental scheme Fig. 2(d) ]. From the observation of four distinct spectral lines in the frequency range up to 150 GHz and the comparison with the calculated phonon spectra (dotted lines in Fig. 8 ), we conclude that there is a strong coupling at the heterointerface. The best agreement is obtained assuming G H 100 GHz and G S = 10 GHz. If we assume that the coupling at the vdW heterointerface drops to G H = 30 GHz (see the lowest dotted curve in Fig. 8 ), the spectrum would show only two resonances.
In summary, the measured spectra of coherent phonons reveal nanomechanical resonances with frequency, amplitude, and spectral width that depend on the strength of elastic coupling between the different layers and/or with the supporting substrate. Our study of the acoustic mismatch between vdW layers in InSe/InSe homojunctions and InSe/hBN heterojunctions reveal an ideal interface and strong coupling over a wide range of frequencies up to ∼100 GHz.
V. DISCUSSION
In this section, we examine how the frequency and the finesse of the phonon resonances depend on the elastic properties of the nanolayers and vdW heterostructures, and on phonon scattering at interfaces, i.e., the interface between two vdW layers or the interface between a vdW layer and its supporting substrate.
A. Elastic properties of InSe and hBN
The layered crystal structure of InSe and hBN causes anisotropic elastics properties, e.g., elastic constant tensor c ij and sound velocity s. For our experiments with propagation of coherent phonons in the direction x perpendicular to the vdW layer planes, the sound velocity is calculated as s = √ c 33 /ρ (for values see Table I ) using elastic parameters measured in bulk crystals by standard ultrasonics [64, 75] and Brillouin scattering [76] .
To assess whether the use of elastic parameters for bulk crystals is a valid assumption to interpret our findings, we derive elastic parameters from an empirical LennardJones potential U(x) for the vdW interaction between the layers:
where x 0 is the distance between the edges of the atomic monolayers and E B is their binding energy. In hBN, x 0 corresponds to the interlayer period, e.g., x 0 = c ∼ 0.7 nm. In InSe, each vdW monolayer consists of four covalently ionic bonded atomic sheets (Se-In-In-Se) of thickness 0.53 nm. The distance between Se-atoms at the boundaries of each vdW layer is x 0 ∼ 0.38 nm [77, 78] . The value of E B for hBN is E B = 13 meV/Å 2 [79] ; also, vdW interactions in InSe were found to be as weak as in graphite and other vdW crystals [78] , for which E B is in the range 13 to 21 meV/Å 2 [79] . For a small change x in the equilibrium separation of the vdW layers, i.e., x = x − x 0 x 0 , Eq. (10) can be written as
from which we derive the specific stiffness of the vdW coupling:
Alternatively, we can estimate the value of η 0 from the elastic constant of the bulk crystals:
Using Eqs. (12) and (13) for hBN, we derive η 0 = 3.1 × 10 19 N/m 3 and η 0 = 3.7 × 10 19 N/m 3 , respectively. Thus different models give similar stiffnesses for hBN. Also, using Eq. (13) and the values for c 33 and x 0 for InSe (see Table I [80] .
We use the same "spring" model approach to describe the elastic coupling between two materials (Sec. III B, and Appendix) and calculate the coupling parameter G 0 between two vdW layers. Using the estimated values of η 0 , we obtain G 0 ∼ 1.0 and 1.5 THz for InSe and hBN, respectively. These values are smaller than the zone edge phonon frequencies for propagation perpendicular to the layers, i.e., f = 1.2 and 2.4 THz for InSe [81] and hBN [75] , respectively, but much higher than the maximum phonon frequency f ∼ 100 GHz measured in our experiments. Thus we conclude that our use of the continuous approximation with bulk elastic parameters and sound velocity of InSe and hBN is valid in our analysis of the phonon spectra.
B. Elastic properties of interfaces
In the analysis of phonon transport, the elastic properties of interfaces are as important as the elastic properties of the nanolayers themselves. The interface defines the absolute value |R| and phase shift ϕ of the specular phonon reflection at the interface. The value of ϕ varies from 0 to π depending on the elastic coupling. This phase shift governs the interference of coherent phonons and hence defines the frequency f n of the phonon resonances.
We use a phenomenological spring model to describe the interface between two materials (see Sec. III and Appendix). In this model, the interface is described as a weightless spring (Fig. 3) with a frequency independent specific stiffness η. As shown in Sec. IV, the value of f n measured in several layers and heterostructures agrees well with acoustic mismatch (G f n ), thus indicating a good elastic contact at the interface over a wide frequency range. However, in some cases, we have to assume a weak coupling between a layer and its supporting substrate (G S ∼ f n ) and/or different values of G S . To interpret these results, we examine the morphology of the interfaces.
The elastic coupling between the exfoliated nanolayers depends on the quality of the surfaces, which can be nonuniform over the area (5 × 5 μm 2 ) of the probing spot. Figure 9 shows the AFM images and x profiles for an InSe layer on a sapphire substrate. The AFM data show that the roughness of the InSe surface (up to 1 nm) is significantly larger than for the sapphire substrate (∼ ±0.1 nm). Also, it is larger than that of hBN, which has an abrupt and atomically smooth surface [82, 83] . Thus the most likely reason for the imperfectness 075408-8 of the interface revealed in our experiments is the surface roughness of the InSe layer. This also implies inhomogeneities in the coupling parameter η S and η H . Two atomically flat vdW layers interact elastically via vdW forces and have a binding energy E B ∼ 10 meV/Å 2 , which does not depend strongly on the specific material [78, 79] . The value of E B gives a stiffness η 0 ∼ 10 19 − 10 20 N/m 3 and corresponding coupling parameter G 0 ∼ 10 3 GHz. Due to the strong dependence of the vdW potential energy on distance [Eq. (10)], the increase of x by only one layer of atoms due an imperfect interface results in the decrease of η 0 and G 0 by almost two orders of magnitude (G∼10 GHz), leading to changes in the complex phonon reflectivity R [Eq. (A9)] and phonon resonance frequency f n . Thus, for sub-THz phonons, the areas of atomically perfect interface behave as in the case of AM while the increase of the distance at the interface of just one atomic layer results in the reflection of sub-THz phonons, as for the case of a free surface.
To characterize the coherent phonon resonances, we consider two types of regions. The first type, labeled "AM," has an atomically flat interface: the distance x between the layers is uniform with a coupling parameter G AM ∼ 10 3 GHz. The second type corresponds to a "free surface" (FS): the distance between the layers is x 2x 0 with a coupling parameter G FS f . It is important to compare the average size of the AM and FS regions, L AM and L FS , respectively, with the phonon wavelength . For InSe, the value of = s/f varies from 250 nm down to 25 nm for f in the range 10-100 GHz. In the assumption that the correlation length is small compared with we may consider L AM , and L FS , and then for the phonon resonances observed in our experiments the interface roughness is averaged over . In this case, we can characterize the interface using a single coupling parameter:
where S AM and S FS are the areas of the AM and FS regions within the probe spot. We refer to this type of interface as "mono." For S AM S FS , we have G = G 0 ∼ 1 THz and the interface may be considered as elastically perfect and the AM model valid for all acoustic phonons, provided that the phonon dispersion is not important. An alternative case is that of a "broken" interface, i.e., S AM S FS and hence G G 0 . In general, the interface may have a more complicated morphology. For instance, in the area of the probe spot, there may be areas with different mean values of G. Examples of areas of InSe with different surface roughness and hence different G are shown in Fig. 9 (c) by squares labelled 2 and 3. Their typical in plane size (∼1 μm) is larger than . The corresponding profiles in Fig. 9 (c) of these areas demonstrate that the roughness of the surface in area 2 is higher than in area 3, thus leading to G 3 > G 2 and a "dual" interface. In general, we can identify both "mono" and "dual" interfaces for InSe layers on a sapphire substrate.
In contrast, we find that the interface between two vdW layers (e.g., the interface in InSe/InSe and InSe/hBN) is elastically perfect within the measured frequency range. The comparison between the experimental and calculated spectra in Figs. 7 and 8 indicates that the phonon frequency would be very different if the layers were not elastically coupled. Thus we may exclude the case of weak coupling (G H f ) at the interface between two vdW layers in all our heterostructures. Also, we can explain the phonon spectra using the acoustic mismatch model over a wide frequency range up to 120 GHz (Fig. 8) .
At a first glance, it may seem surprising that the interface of InSe/InSe and InSe/hBN heterostructures has a stronger elastic coupling compared to the InSe/sapphire interface since the surface roughness of the InSe layer is the same in both cases. To explain this behavior, we note that there is a difference in acoustic impedances between InSe and sapphire: Z sapphire = 3.2Z InSe . Thus the value of G 0 for the interface of InSe with sapphire is noticeably smaller than for InSe/InSe and InSe/hBN interfaces [see Eqs. (7) and (8)]. Also, the more rigid sapphire substrate may not be able to adapt to the InSe surface compared to the case of two van der Waals layers.
In summary, we have shown that the frequencies of the phonon resonances are dependent on both the thickness of the layer and elastic coupling at the interface. The latter factor was not considered in earlier works [55] [56] [57] where it was assumed that the nanolayer has either a perfect elastic contact with the substrate [57] or behaves as a suspended film [55] . In our work, we show that the elastic properties of vdW interfaces can be probed by sub-THz coherent phonons. None of the other existing measuring techniques can access this information. In particular, some of the available microscopy techniques, such as TEM, examine only static surface properties, whereas others, such as AFM, can only probe surfaces and/or lowfrequency elastic properties.
C. Scattering and decay of coherent phonons
An important characteristic of a phonon resonance is its linewidth f ∼ (2τ * ) −1 , where τ * is the phonon decay time. The measured linewidths indicate τ * 50 ps. Different mechanisms can contribute to τ *, e.g.,
where τ S is the time of the diffusive scattering at interfaces and free surfaces; τ A is the anharmonic decay time; τ I is the effective time related to inhomogeneities in film thickness; τ D describes the decay of the laterally localized resonance due to acoustic diffraction, and τ R describes the phonon decay time due to energy emission into the substrate. Only the latter one is included in our previous theoretical analysis and can be expressed as
where s is the sound velocity of the nanolayer and a is the layer thickness. Using Eq. (3) for AM (G S f ) and for an InSe nanolayer layer with a ∼ 100 nm on a sapphire substrate, we estimate τ R ∼ 100 ps, which is about three times longer than the value τ *∼30 ps derived from the measured phonon spectra (see lower spectrum in Fig. 4) . The calculated value of τ R increases for weak coupling and correspondingly small values of G S . Thus the difference between the measured and calculated τ R is due to other decay mechanisms, which are discussed below.
The value of τ A is governed by third-order elastic constants, which are not known for the studied vdW layers. We may assume that τ A is not much different from the values found in other crystalline materials for which τ A > 1 ns at frequencies below 100 GHz [84] . This time is significantly longer than the measured time and thus it will be not considered further.
The value of τ D is governed by the lateral dimension L G of the local AM and FS resonators characterized by an effective rigidity G at the interfaces in Eq. (14) . The value of τ D can be estimated as the time taken for an acoustic wave to travel a diffraction length
, τ D is much longer than the measured time. For example, for phonons with ∼100 nm in an InSe film strongly coupled to sapphire, τ D becomes equal to the measured time when L G ∼ . Thus the losses due to diffraction are not important only for the local resonators with L G significantly exceeding the acoustic wavelength (L G ). The decay time τ I could be caused by inhomogeneous broadening of the resonance spectral line due to the long-scale (∼1 μm in the plane of the nanolayers) thickness variations of the InSe and hBN nanolayers. The AFM profiles of our layers show variations in the thickness of ±10%. Thus τ I can represent a significant contribution to the measured lifetime. For example, the measured lifetime τ *∼80 ps for 13 GHz phonons in an InSe nanolayer weakly coupled to sapphire (upper spectrum in Fig. 4) could be assigned to ±15% variations in the InSe film thickness.
Finally, the decay time τ S in Eq. (15) accounts for the losses caused by diffusive scattering at an interface due to their roughness, point defects, monolayer steps and/or boundaries between regions with different G. The AFM image in Fig. 9 shows variations of the InSe layer thickness over length scales >100 nm. We examine their effect on acoustic wave scattering using the small slope approximation (SSA) [85, 86] . For our estimate of τ S , we use the dependence of the specular scattering probability (SSP) on the root-mean square roughness σ rms of the surface [87] . The data presented in Ref. [87] for 117-GHz phonons in GaN can be applied to estimate τ S for ∼20 GHz phonons in InSe films as both systems have similar phonon wavelengths (∼70 nm); also, the correlation length of the surface roughness of InSe (∼ 10-40 nm measured by AFM) and in GaN (∼ 24-38 nm in Ref. [87] ) are similar. For values of τ S equal to the measured ones, the SSP is ≈ 0.15, implying σ rms ≈ 8 nm [87] . This value exceeds by an order of magnitude the value σ rms ∼ 1 nm for the InSe surface (see AFM data in Fig. 9 ). Thus we may conclude that diffusive scattering of ∼20 GHz phonons at the interfaces with σ rms 1 nm is negligible and, therefore, its contribution to τ S can be ignored.
In summary, from the comparison of the measured and calculated spectra, we find that the measured spectral widths f n 10 GHz exceed those calculated by acoustic mismatch by a factor of 2. In accordance with the estimates presented above, this difference should be mostly attributed to the inhomogeneous broadening of the spectral line.
VI. CONCLUSIONS AND OUTLOOK
We have used picosecond ultrasonics to measure the coherent acoustic phonon spectra of InSe layers with thicknesses from 5 to ∼100 nm and their heterostructures. The spectra consist of several well separated lines in the frequency range from ∼10 to ∼100 GHz, revealing the existence of nanomechanical resonances in all layers due to phonon quantization in the direction perpendicular to the layer plane. The frequencies of quantized phonons depend not only on the layer thickness, but also on the elastic coupling parameters at the interfaces. The values of the resonance frequencies measured in the present work agree well with those derived from the continuous elastic theory using bulk elastic constants and effective springs with frequency independent stiffnesses. In some cases, the inhomogeneities of the elastic coupling at the interfaces should also be taken into the account to explain the phonon spectrum.
Our data and analysis indicate that the vdW interface of InSe/InSe and InSe/hBN heterostructures can be described by the acoustic mismatch approach and considered as elastically ideal for phonon frequencies up to at least 150 GHz. In contrast, the elastic coupling of InSe layers to a substrate may not always be ideal and the phonon resonances may not always be described by a single elastic coupling parameter.
The present work focuses on elastic properties of interfaces rather than phonon properties of the layers, as reported in earlier works [55] [56] [57] [58] . Furthermore, our conclusions are broader than those in the earlier work by Beardsley et al. [58] , which reported InSe layers weakly coupled to a substrate. In the present work, we show that the elastic coupling of a vdW nanolayer to its supporting substrate may vary and can be described by the spring model; also, in both InSe/InSe and InSe/hBN vdW heterostructures, we observe a strong elastic coupling, well described by the acoustic mismatch model. Means of probing phonon transport across an interface can provide the foundation for designing and exploiting new materials and quantum systems: the strength of coupling between the layers is critical to both charge and phonon transport and thus pivotal to the future development of functional devices, including new device concepts for high-frequency electronics and thermoelectrics. The spectrum of nanomechanical resonances changes significantly when the distance between the layers changes by only one layer of atoms. Thus it could be used to probe and manipulate interfaces with an unprecedented spatial resolution and over a wide frequency range. To date, the only technique that could offer such spatial resolution is TEM, but this is time-consuming and requires special sample preparation to expose interfaces to the probing electron beam. On the other hand, it should be possible to use a focused laser beam to generate coherent phonons as it scans over the sample to measure the spectrum and lifetime of the phonons in the structures or the spectrum of phonons emitted into the substrate.
Finally, of particular interest is the possibility of using strain to modulate the electronic properties for high-frequency acoustoelectric and acousto-optic devices. In particular, 2D InSe exhibits high mechanical flexibility, can sustain high mechanical strain (>20%) and its electronic properties can change under both uniaxial and biaxial compressive strains [88] . These properties, which have been only recently predicted by theory [88] , are highly desirable for new "straintronic" devices and sub-THz nano-electro-mechanical and optomechanical devices. In particular, thin layers and heterostructures weakly coupled to the substrate may have high finesse (>10) and used as sensors for single molecules adsorbed at surfaces and interfaces. Further studies may involve the study of single atomic layers and correspondingly THz phonons. In this case, the approximation of continuous media and acoustic mismatch approach may not be valid. There are no principle limitations to these studies, which will contribute to important advances in the physics of phonons and their exploitation in novel 2D structures. 
where the index (i) defines the vdW layer or the substrate (s) with density ρ i and elastic constant c i , and σ 0 is the stress generated by the optical pump pulse. In our experiments, the pump pulse is absorbed in a thin InSe layer or Al transducer and with good approximation we may consider the excitation as spatially homogeneous due to fast transport of photoexcited carriers and heat in the layer [69] . Then σ 0 does not depend on x except at the interfaces at which the second term in the right part of Eq. (A1) is equal to zero. For comparison with the experiment, it is convenient to present the results in a spectral domain for the Fourier components of displacementũ(ω,x) and strainε(ω,x) = dũ/dx. In the spectral domain, Eq. (A1) may be written as
where s i = √ c i /ρ i is the sound velocity in the ith layer or substrate. The general solution of Eq. (A2) for phonons in vdW layers is given by Eqs. (1) and (2) in Sec. III.
In the acoustic mismatch model, the displacement and stress are continuous at each interface. An example for an InSe/hBN heterostructure on a substrate is schematically shown in Fig. 3(a) . There are two vdW nanolayers with thicknesses a (InSe, layer 1) and b (hBN, layer 2) deposited on a sapphire substrate (s). There are three interfaces at x = −a, x = 0, and x = b. The stress σ 0 induced by the optical pump pulse is generated only in the InSe nanolayer. In contrast, σ 0 = 0 in the hBN layer and the sapphire substrate, which do not absorb the pump light at λ = 400 nm. The boundary conditions may be written as 
Solving Eqs. (A3), (A4), and (A5), we find five complex amplitudes A 1 , A 2 , B 1 , B 2 , and A S , and substituting them into Eqs. (1) and (2), we get the Fourier spectrum of coherent phonons at the coordinate x.
The spring model describes the elastic properties of an interface that is not ideal. In this model, the neighboring boundaries of two materials are considered to be connected by springs with specific stiffness η [see Figs. 3(b) and 3(c) ]. The parameter η characterizes the force F per unit area, which appears during the modulation of the distance x between the boundaries of the neighboring materials. In the linear approximation, according to Hooke's law, we can write
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The boundary conditions for stress at the free surface, x = −a, are the same as Eq. (A3). For the interface at x = 0 and x = b, the conditions for the continuity of the stress can be written, respectively, as 
Equations (A7) and (A8) give the solution for coefficients A i and B i .
For strain waves incident from i to j , the equation for the reflection coefficient at the interface is
where R AM ij is the reflection coefficient given by Eq. (3). For G ij = 0, R ij = −1 as for a free surface. For G ij R AM ij f , R ij ≈ R AM ij . In contrast to the scenario of AM, in this case R ij is complex, thus implying that the phase change at the interface depends on η. This is also responsible for the difference in the values of f n in the spring and AM models, and the dependence of f n on η. In particular, an important difference between the spring and AM models is that R ij depends on f in the spring model while R ij is the same for all frequencies for AM. Thus it may happen that for constant values of η, the fundamental resonance mode with n = 1 behaves as in the case of AM while for higher modes, f n is close to the spectrum for free standing films. The spring model is further complicated if the spring stiffness depends on f [89] or if springs have finite mass [90] , which is not considered in this work.
